Introduction
Successful integration of orthopedic implants with the host bone needs initial stability supported by enough bone stock as well as rapid osseointegration. It has been proved that the osseointegration between bone tissue and materials is determined by materials' surface properties, such as grain size, chemical composition, and roughness. [1] [2] [3] [4] In recent years, nanograined (NG) materials have attracted an increased interest due to their excellent biological properties compared to coarse-grained (CG) materials. 5, 6 Researchers have shown that the NG materials are effective in improving the osseointegration between bone-forming cell and material surface since they have a similar topography scale with bone, which is also a nanostructured material mainly composed of collagen fibrils with a diameter of 20-80 nm and hydroxyapatite nanocrystals. 7, 8 Webster and Ejiofor 9 demonstrated that the NG metal compacts such as Ti, Ti6Al4V, and CoCrMo fabricated by traditional powder metallurgy procedures improved osteoblast adhesion, while NG ceramic compacts such as alumina, titania, and hydroxyapatite produced by sintering promoted in vitro osteoblast adhesion and proliferation compared to their respective CG compacts. 10 Osteoblast mineralization was improved on NG surface (20-40 nm in grain size) of Ti6Al4V alloy. 11 Additionally, Faghihi et al 12 reported that a nanostructured titanium (Ti) with grain size of 10-50 nm fabricated by high-pressure torsion notably enhanced the attachment and activity of preosteoblasts compared to the CG one.
Conventionally, the NG materials or surfaces can be created by many ways such as ultrasonic shot peening (USP), severe plastic deformation (SPD), and electrodeposition. [13] [14] [15] Among these techniques, USP method has drawn a lot of attention since it is a one-step method that does not change the chemical compositions of the substrate and is capable of avoiding the bonding issue between the coated layer and the matrix induced by other methods. Jindal et al 16 produced NG titanium with an average grain size of 14-20 nm by USP and observed that cell proliferation was enhanced to approximately 50% as compared with unshot peened material. However, the adhesion, morphology, spread, ALP (alkaline phosphatase) activity, mineralization, and in vivo ossteointegration between osteoblasts and NG surface fabricated by USP remain to be elucidated. Therefore, in this study, we fabricated NG surfaces by USP, and a systematic research was carried out to demonstrate the interaction between osteoblasts and NG surfaces. Our study will provide better insight to the design of titanium-based implants.
Materials and methods specimen preparation
The principle of the USP is based on the vibration of spherical shots with sufficient hardness stroked onto the substrate surface using a high power ultrasound. Each shot striking the metal surface serves as a tiny peening hammer, leading to SPD and formation of nanostructure on the metal surface. The main parameters of the USP process were chosen as follows: the vibration frequency of the chamber driven by ultrasonic generator is 50 kHz; the shot diameter is 3 mm; and the processing durations are 30 minutes.
Pure Ti was machined to disks with a diameter of 10 mm and a thickness of 5 mm. The surfaces of the disks were ground using a series of water-resistant emery papers with various degrees of coarseness up to 1,200 grits, and the polished surface, which was subjected to USP was labeled USP-Ti. The pure Ti was used as control. All disks were rinsed with distilled and deionized (Milli-Q) water and sterilized in an autoclave prior to cell culture.
surface characterization
The morphology of the surface was imaged by field emission scanning electron microscopy (FESEM; NOVA NanoSEM, FEI Co., Hillsboro, OR, USA). The X-ray diffraction (XRD) analysis of the USP surface layer was performed on a Rigaku D/max 2400 X-ray diffractometer (Rigaku, Tokyo, Japan), with Cu Kα radiation, in the step-scanning mode. The average crystallite size was calculated from XRD line broadening. 17 The surface roughness (Ra) was determined using atomic force microscopy (AFM; Nanoscope 3, Bruker Corporation, Karlsruhe, Germany). The contact angle was measured using a video contact-angle measurement system. 
cell adhesion
Osteoblasts were cultured on the samples at a density of 1×10 4 cells/cm 2 . The nonadherent cells were rinsed with phosphate-buffered saline (PBS) after 4 hours. The adherent osteoblasts were fixed with 95% alcohol and stained with 4′,6′-diamidino-2-phenylindole (DAPI; Dojindo Laboratories, Kumamoto, Japan). The cells in five random fields were counted at low magnification under a fluorescence microscope (Leica DM400, Leica Microsystems, Buffalo Grove, IL, USA).
cell morphology
The morphology and cytoskeletal arrangement of osteoblasts seeded onto the samples were examined by confocal laser scanning microscope (CLSM) and SEM after culturing for 12 hours.
The cells cultured on the samples were fixed with 2.5% glutaraldehyde in 0.1 M PBS buffer (pH =7.4) for 20 minutes, and rinsed three times with PBS. Then, each sample was dehydrated with graded alcohol (10%, 20%, 30%, 50%, 60%, 70%, 80%, 90%) and finally with absolutely pure ethyl alcohol, and the samples were dried for SEM analysis to enable the morphology of osteoblasts to be studied.
The cells were washed twice with PBS and fixed with 4% paraformaldehyde (Sigma-Aldrich). Then, they were permeabilized with 0.1% Triton-X for 1 hour. The cells were incubated for 1 hour with TRITC-conjugated phalloidin (Molecular Probes, Eugene, OR, USA) at room temperature in the dark. The final step was to stain the cell nuclei with DAPI (Dojindo Laboratories) for 10 minutes at room temperature. The cytoskeletal arrangement of the cells was obtained with a CLSM (LSM-510, Carl Zeiss, Jena, Germany). 
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Increased osteoblast function through surface nanostructuring by UsP formazan using a Cell Titer 96 Aqueous assay (MTS, Promega Corporation, Fitchburg, WI, USA). MG63 cells were seeded at a density of 1×10 4 cells/cm 2 on the samples and cultured for 1, 4, 8, and 16 days. At each time point, the samples were rinsed twice with sterile PBS and transferred to new 96-well tissue culture plates. Approximately 100 μL of prewarmed MTS solution mixed with 1 mL culture medium was added to each well. After 3 hours of further incubation, 100 μL of the working solution was transferred to a new 96-well culture plate, and the absorbance was measured using an ELISA (enzyme-linked immunosorbent assay) reader at 490 nm.
alP activity MG63 cells were seeded in 24-well plates at a density of 1×10 4 cells/cm 2 and then cultured for 4, 8, or 16 days. After the indicated incubation times, the samples were rinsed twice with PBS and the cells were lysed with 0.1% Triton X-100 (Sigma-Aldrich) using a standard freeze-thaw protocol. Approximately 100 μL of the cell lysate was mixed with 100 μL p-nitrophenyl phosphate (pNPP 1 mg/mL) in 1 M diethanolamine buffer (pH =9.8) containing 0.5 mM MgCl 2 and incubated at 37°C for 30 minutes. The reaction was stopped by the addition of 50 μL of 0.2 M NaOH. Enzyme activity was quantified by measuring absorbance at 405 nm in an ELISA reader. Total protein content was assessed by a BCA (bicinchoninic acid) protein assay kit and calculated from a standard curve of bovine serum albumin standards. ALP activity was normalized to the total protein content.
calcium deposition
Mineralization was detected using an Alizarin red staining method after culturing the cells onto the alloy samples for 8 or 16 days. The cells were washed twice in PBS, fixed with 4% paraformaldehyde for 30 minutes, and then stained with Alizarin red (40 mM, Sigma-Aldrich) for 20 minutes at room temperature. The resulting red matrix precipitate was desorbed with 10% cetylpyridinium chloride (SigmaAldrich), and color intensity was quantified at an absorbance of 590 nm using an ELISA reader.
surgical procedures
A total of 12 adult male New Zealand White rabbits weighing 3.0-3.5 kg were used in this study. The animal procedures were approved by the Animal Care and Experiment Committee of Qilu Hospital of Shandong University. The surgical procedures were conducted as previously described. 2 Briefly, under general anesthesia with pentobarbital (25 mg/kg) by intravenous injection, the intercondylar notch of the distal femur was exposed through a longitudinal skin incision.
A hole with a diameter of 4.5 mm was made on the intercondylar notch of femur, and then the implants were inserted into the medullary cavities ( Figure 1A ).
Sequential fluorescent labeling
The process of new bone formation was determined using a polychrome sequential fluorescent labeling method. Different fluorochromes were administered intraperitoneally with a sequence of tetracycline (30 mg/kg) and calcein (5 mg/kg) (Sigma-Aldrich) injected 14 and 3 days, respectively, before the animals were sacrificed.
sample preparation
All animals were sacrificed at 12 weeks postoperation. The left femurs with implants were stored at -80°C for push-out test, and the right ones were fixed in acetone for Micro-CT assay and histomorphometric observation.
Pull-out test
The biomechanical test was performed using a testing machine (Instron 5569; Instron, Norwood, MA, USA). The pull-out test was performed within 12 hours after the animals were sacrificed. The maximum pull-out force was recorded at 12 weeks, and it was defined as the peak load values of the load -displacement curves.
Micro-cT assay
The fixed samples were detected and imaged using Micro-CT (SKYSCAN 1176, Bruker Corporation) to measure the newly formed bone around implants. After scanning, threedimensional (3D) images were reconstructed with CTVol software (Skyscan Company, Kontich, Belgium). To assess 
histological evaluation
The bone with the implant was fixed in acetone, dehydrated with a graded series of alcohols from 75% to absolute ethanol, and finally embedded in methyl methacrylate without decalcification. The embedded specimens were sectioned into 150 μm thick sections using a bone saw (Leica SP1600), with the blade placed perpendicular to the long axis of the implant at three levels (proximal, middle, and distal) of the femur ( Figure 1A ). Those sections were subsequently manually ground to a thickness of 40 μm for fluorescence labeling observation under the fluorescent microscope (Leica DMI6000B). Finally, the specimens were stained with 1% methylene blue, and the stained sections were observed using a Leica microscope (Leica DM400). The BAR (%, surface bone apposition ratio) and the NBA (mm 2 , new bone area) surrounding the implant were calculated to assess the osseointegration. The circumference of the implant was obtained to calculate the percentage of the surface that was in direct contact with the bone in each section, and the BAR was defined as the percentage of the implant surface in direct contact with the bone. The area of the new bone tissue was determined in a circumferential area within 0.25 mm from the rod surface ( Figure 1B) , and the NBA was examined by observing the methylene blue staining and labeling with tetracycline and calcein.
statistical analysis
Statistical analyses were conducted using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). The data were expressed as the means ± standard deviation. Differences between groups were analyzed using the Student's t-test. P-values less than 0.05 were considered statistically significant.
Results

surface characterization
The SEM micrograph of the USP-Ti surface is presented in Figure 2 , and it is obvious that many pits can be seen on the surface of USP-Ti, and these are generated when the surface was struck by the spherical shots. The XRD pattern of USP-Ti is shown in Figure 3 . The average size of the grains was in the range of 57-88 nm, with the method of Scherrer. 18 The Ra of the Ti and USP-Ti samples determined by AFM (Figure 4 ) is summarized in Table 1 , and the roughness of USP-Ti was found to be higher than that of Ti. The contact angles of the water droplets on Ti and USP-Ti are also listed in Table 1 , indicating that USP-Ti surface exhibits better hydrophilicity than the Ti surface.
cell adhesion and viability
The fluorescence micrographs of cells stained with DAPI indicate cell adhesion ( Figure 5 ), and the number of cells on USP-Ti surfaces was more than that on Ti surfaces ( Figure 6A ). The viability of MG63 cells was measured by MTS after culture for 1, 4, 8, and 16 days on Ti and USP-Ti. The cell viability increased with time on both substrates. The cell proliferation was higher on USP-Ti than on Ti, and significant differences were observed between the two surfaces at each prescribed time point ( Figure 6B ). 
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Increased osteoblast function through surface nanostructuring by UsP cell morphology Figure 7 shows the morphology of osteoblasts examined by CLSM with dual staining of actin filaments and nuclei, and Figure 8 shows the SEM images of osteoblasts after culture for 12 hours on the surfaces of the Ti and USP-Ti samples. It is obvious that the osteoblasts had spread well. Actin filaments were clearly observed on both samples.
alP activity and calcium deposition Figure 6C shows the ALP activity of osteoblasts cultured on Ti and USP-Ti samples on 4, 8, and 16 days. With prolonging the culture time, both kinds of surfaces were observed to have an increase in the ALP activity, and the ALP activity of cells on USP-Ti surface was significantly higher than that on the Ti surface (P,0.05). The Alizarin Red assay was used to assess the extent of calcium mineralization. The findings for calcium mineralization were similar to those for ALP activity. Figure 6D shows that the amount of calcium on both samples increased in a time-dependent manner, and the USP-Ti surfaces had significantly high calcium levels after 8 and 16 days of culture compared to Ti (P,0.05).
Pull-out test
The maximum pull-out force is shown in Figure 9 , and it was significantly higher on USP-Ti groups than that on Ti groups. Abbreviations: alP, alkaline phosphatase; UsP-Ti, Ti surface subjected to UsP; UsP, ultrasonic shot peening; sD, standard deviation; Ti, titanium.
Micro-cT evaluation
Figure 7
Fluorescence microscopy images of cells double stained with phalloidin for actin filaments (red) and DAPI for nuclei (blue) on Ti (A) and UsP-Ti (B) samples. Abbreviations: UsP-Ti, Ti surface subjected to UsP; UsP, ultrasonic shot peening; Ti, titanium.
color and cancellous bone with yellow color, respectively ( Figure 10 ). Bone volume around implants surface in the bone marrow cavity of the USP-Ti group is obviously higher than that for the other groups. BMD, BV/TV, Tb.Th, and Tb.N were significantly higher on USP-Ti group compared to Ti group (P,0.01, Figure 11 ).
histological evaluation
The representative histological images of the middle section of the USP-Ti at 12 weeks after implantation are shown in Figure 12 . Newly formed bone tissue was clearly observed around the Ti and USP-Ti surfaces. As shown in Figure 12 , good contact was seen between the bone tissue
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Increased osteoblast function through surface nanostructuring by UsP Abbreviations: seM, scanning electron microscope; UsP-Ti, Ti surface subjected to UsP; UsP, ultrasonic shot peening; Ti, titanium.
Figure 9
The failure-load values of Ti and UsP-Ti at 12 weeks after implantation measured by the pull-out test. Notes: Data are shown as the mean ± sD. *P,0.05 compared with Ti. Abbreviations: UsP-Ti, Ti surface subjected to UsP; UsP, ultrasonic shot peening; sD, standard deviation; Ti, titanium.
and the USP-Ti surface. We can see a double line of tetracycline and calcein clearly under fluorescence microscopy ( Figures 12B and 12D ), suggesting new bone formation. The BAR and NBA at the surface of the USP-Ti was higher than that on Ti, which indicates that the in vivo osseointegration of USP-Ti was better than that of Ti ( Figure 13 ).
Discussion
The primary challenge for bone implants is the development of the material surface that enhances cell-substrate interaction and ensures long-term stability of the bioimplants. In this work, USP can refine the surface grains of pure Ti into the nanoscale range (Figure 3) , which is agreement with previous studies. 17, 19, 20 When inserted in cortico-cancellous bone in an in vivo rabbit femur implantation model, USP-Ti demonstrated superior osseointegration to that seen for Ti, with firm abutments between the surface of material and the surrounding bone tissue. Histological analysis showed that new bone was formed and filled up the gap between the implants and bone for USP-Ti in direct contact with the implant, compared with that for Ti. Additionally, the irregular osteocytes in the lamellar bone matrix could be seen around the implant. 
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Increased osteoblast function through surface nanostructuring by UsP Figure 13 The surface Bar (%) and NBa (mm 2 ) of Ti and UsP-Ti in the proximal, middle, and distal sections at 12 weeks. Notes: Data are shown as the mean ± sD. *P,0.05 compared with Ti. Abbreviations: UsP-Ti, Ti surface subjected to UsP; UsP, ultrasonic shot peening; Bar, bone apposition ratio; NBa, new bone area; sD, standard deviation; Ti, titanium.
The surface BAR and NBA of USP-Ti were significantly higher than that of Ti, reflecting the higher ability to induce osseointegration without any infiltration of fibrous tissue between the bone and implant.
Pull-out test is used to characterize the bonding strength between the bone and implant interface. In our study, it demonstrated that the mechanical fixation of USP-Ti implants was significantly stronger than that for Ti implants, further confirming the improved osseointegration.
Besides the above observation, it was also found that the USP-induced grain refinement in the surface layer of Ti significantly enhanced the in vitro osteoblast adhesion, proliferation, and differentiation, indicating superior cell-material interaction compared to Ti. It is well known that cell behaviors are strongly influenced by topographical features. [21] [22] [23] First, grain size plays an important role in the improved biocompatibility of USP-Ti. Cells are willing to respond to nanostructure surfaces, since in vivo they live inside an extracellular matrix containing nanoscale collagen fibrils and since their own surfaces are structured on the nanoscale level (receptors and filopodia). 24 Faghihi et al 12 reported that a nanostructured titanium with grain size of 10-50 nm fabricated by high-pressure torsion notably enhanced the attachment and activity of preosteoblasts compared to the CG one. Webster et al 9, 10, 25 demonstrated that the NG size material enhanced osteoblast adhesion and proliferation when compared to the control group. It is plausible, therefore, to suggest that the enhanced osteoblast biocompatibility seen on USP-Ti is due to its nanograin size of the surface.
Second, roughness (Ra) is a key factor in the response of cells to biomaterials. The positive effects of Ra on the attachment, proliferation, and differentiation of osteoblasts have been proved. 3, 21, 26 A research conducted by OlivaresNavarrete et al 27 showed that Wnt5a pathway ligands, receptors, and intracellular signaling molecules were upregulated when osteoblasts were cultured on SLA surfaces (Ra =3.22 μm) compared to Ti (Ra =0.2 μm) surfaces and also proved that Wnt5a promotes osteogenic differentiation through the production of BMPs (bone morphogenetic protein). In this study, the Ra of USP-Ti (842 nm) is much higher than that of Ti (185 nm) and is indicative of a higher degree of biocompatibility for this surface modification.
Third, hydrophilicity also plays an important role in the improved biocompatibility of USP-Ti. It has been proved that more hydrophilic titanium surface (hydrophilic sand-blasted acid-etched [modSLA]) could increase osseointegration, and this is associated with an increase in expression of the osteogenic differentiation markers BSPII (bone sialoprotein II) and osteocalcin. The detailed mechanisms have been detected by pathway analysis, which shows that several genes were upregulated when culturing on more hydrophilic surface, including TGFβ (transforming growth factor β), BMP2 (bone morphogenetic protein 2), BMP6, SP1 (Sp1 transcription factor), and CREBBP (Creb binding protein). 28 Gu et al 29 reported that the ALP activity of osteoblasts was increased with the inhibition of PI3K/Akt signaling pathway, which suggested that inhibition of PI3K/Akt signaling pathway may be responsible for the increased osteogenic differentiation. Some other studies also confirm the relationship between hydrophilic implant surfaces and enhanced cell biocompatibility. 30, 31 It agrees with previous studies that the USP-Ti with more hydrophilic surface demonstrated better in vitro biocompatibility compared to that of Ti. To sum up, in vitro studies showed that NG surfaces played an important role in promoting the adhesion, proliferation, and differentiation of osteoblasts. Moreover, our data also emphasize the importance of nanometer grain in the osseoconductivity of biomedical implants. The in vivo assessment of NG implants supports our in vitro observation, validating the ability of the nanometer grain in enhancing osseointegration at the interface of bone and implant.
Conclusion
USP is employed to modify pure Ti, and NG surface is obtained. It promoted cell adhesion, proliferation, and differentiation in vitro as well as new bone formation in vivo. Those results suggest that USP has the potential for future use as a surface modification method in biomedical applications.
